Although a number of p53 target genes have been identified, the mechanisms of p53-dependent activities that determine cellular survival or death are still not fully understood. Here we report isolation of a novel p53 target gene, designated p53-inducible cell-survival factor (p53CSV). p53CSV contains a p53-binding site within its second exon and the reduction of expression by small interfering RNA enhanced apoptosis, whereas overexpression protected cells from apoptosis caused by DNA damage. p53CSV is induced significantly when cells have a low level of genotoxic stresses, but not when DNA damage is severe. p53CSV can modulate apoptotic pathways through interaction with Hsp70 that probably inhibits activity of apoptosis protease activating factor-1. Our results imply that under specific conditions of stress, p53 regulates transcription of p53CSV and that p53CSV is one of the important players in the p53-mediated cell survival. (Cancer Res 2005; 65(4): 1197-206) 
Introduction
The p53 tumor suppressor gene is more frequently mutated in human cancers than any other cancer-associated genes yet identified; p53 mutations are found in more than half of all cancers examined (1) . The wild-type active form of its product exerts its tumor-suppressing functions either by regulating cellcycle arrest and DNA repair or by inducing apoptosis (2) , depending on the specific transcriptional targets that are activated. Although the selection of transcriptional targets seems to depend on the level of cellular stress and to differ by cell type (3), p53 protein binds to DNA in a sequence-specific manner to activate transcription of genes encoding, for example, p21 WAF1 , p53R2, MDM2, p53DINP1, p53AIP1, Bax, and GADD45 (4) (5) (6) . Modification of the p53 molecule is considered to be important in the process of selecting transcriptional targets, but the mechanism for protein modification is still not well understood. Phosphorylation of p53 at Ser 15 and Ser 20 has been shown to be involved in activating p53 (7) . Although the roles of these modifications are not fully characterized, ATM and CHK2 protein are candidates for kinases responsible for phosphorylation of the Ser 15 or Ser 20 residues of p53, respectively (8, 9 ). After having a low level of DNA damage, p53 is phosphorylated at residues of Ser 15 and Ser 20 , and promotes binding of p53 to promoters of genes involved in the G 1 arrest and DNA repair. However, if DNA damage is severe, Ser 46 of p53 is phosphorylated and the modified p53 leads to induction of apoptosis-related genes, such as p53AIP1 (10) . Although dozens of p53 target genes involved in p53-dependent tumor suppression (i.e., growth arrest, DNA repair, and apoptosis) have been reported to date, the genetic mechanisms responsible for p53-dependent cell survival after exposure to various genotoxic stresses remains to be elucidated.
Heat shock proteins (HSP) have been highly conserved during evolution. Members of this molecular family are localized in various intracellular organelles, in which they are present as both constitutive and inducible forms (11) . Hsp70 can block apoptosis by binding apoptosis protease activating factor-1 (Apaf-1), thereby preventing constitution of the apoptosome complex of Apaf-1, cytochrome c, and caspase-9 (12, 13) . Hsp70-Apaf-1 interaction is mediated through a caspase-recruitment domain (11) . Recent studies have shown that Hsp70 also modulates the engagement and/or progression of apoptosis induced by a variety of stimuli (14) . In addition to its interaction with Apaf-1, Hsp70 exerts a protective effect against apoptosis by targeting one or more steps downstream of caspase-3 (15) . Ravagnan et al. (16) have shown that overexpression of Hsp70 protect Apaf-1 À/À cells against death induced by serum withdrawal, indicating that Apaf-1 is not the only target of the antiapoptotic action of Hsp70, and against apoptosis mediated by the caspase-independent death effector apoptosis inducing factor, which is a mitochondrial intermembrane flavoprotein (17, 18) . Accumulating evidence indicated that Hsp70 acts on multiple levels by suppressing caspase activation or by inhibiting caspase-independent effectors.
Here we report isolation and characterization of a novel p53-inducible gene, p53CSV, which is involved in the p53-dependent cell-survival pathway. We also show the p53-dependent cellsurvival mechanism by which p53 can regulate cell-survival activity after genotoxic activity stresses through transcriptional induction of p53CSV. In addition, our data have provided evidence that p53CSV can inhibit apoptosis by interacting with the Hsp70/Apaf-1 complex. independent colonies of this library using the same cDNA fragment that had served as a probe for Northern blotting. Induction of Endogenous p53CSV. To examine the expression of p53CSV in response to genotoxic stresses, HCT116 p53 +/+ and HCT116 p53 À/À cells were seeded 2 Â 10 6 cells per 10-cm dish, treated either with 0, 0.5, 1.0, or 2.0 Ag/mL Adriamycin or UV radiation (0-50 J/m 2 ) using a UV cross-linker (Stratagene, La Jolla, CA). After 48 hours, cells were harvested. Total cell lysates were prepared in lysis buffer (1% NP40, 50 mmol/L Tris-HCl (pH 8), 150 mmol/L NaCl, 1% Triton X-100, 1 mmol/L EDTA and complete protease inhibitor mixture (Roche, Basel, Switzerland). The same amounts of total protein in each lane was immunoprecipitated with anti-p53CSV immune globulin that we had prepared by giving rabbits injections of a deduced p53CSV peptide CVQKAIKEKEI-PIEGLEF (amino acids 47-64) and purifying the antibody on antigenaffinity columns. The resulting immune complexes were subjected to SDS-PAGE/immunoblotting with anti-p53CSV antibody. The same whole-cell lysates were subjected to SDS-PAGE/immunoblotting with anti-p-Ser 46 (polyclonal, Cell Signaling, Beverly, MA), Ser 15 , 16G8 (monoclonal, Cell Signaling), and anti-p53 antibody (DO-1, Santa Cruz Biochechnology, Santa Cruz, CA). The level of h-actin serving as a quantity control was detected with monoclonal anti-h-actin antibody (Sigma, St. Louis, MO).
Materials and Methods

Cell
Chromatin Immunoprecipitation Assay. Chromatin immunoprecipitation (ChIP) assays were done using the acetyl-histone H3 ChIP assay kit (Upstate Biotechnology, Lake Placid, NY) according to the manufacturer's instructions. In brief, HCT116 p53 +/+ and HCT116 p53 À/À cells (2 Â 10 6 cells) were seeded onto 10-cm dishes 1 day before treatment with 1 Ag/mL Adriamycin; 24 hours later, protein and genomic DNA were cross-linked by adding 1% formalin to the medium, and the cultures were incubated for 15 minutes at 37jC. Cells were lysed in 200 AL of SDS lysis buffer with a protease inhibitor mixture, then sonicated to generate DNA fragments 200-to 800-bp long. The sonicated supernatants were diluted, precleared with salmon sperm DNA/protein A-agarose, and immunoprecipitated using monoclonal anti-p53 antibody (DO-7, Sigma) or monoclonal anti-FLAG antibody (M2, Sigma) as a control antibody, at 4jC for 16 hours. The immune complexes were precipitated, washed, and eluted. DNA-protein complexes were reversely cross-linked at 65jC for 5 hours. DNA was recovered by phenolchloroform extraction and ethanol precipitation and resuspended in 50 AL of TE buffer. One microliter of each sample was used as a template for PCR-amplication (32 cycles) using primers flanking a 520-bp DNA fragment containing a suspected p53-binding site: forward (p53BSF), 5V -AGGATGTGACTGTGCTCTT-3V ; reverse (p53BSR), 5V-AGGGGCCC-GAAGGCCCAGCC-3V . The p21 WAF1 promoter with its p53-binding site was amplified as a positive control.
Luciferase Assay. The 520-bp fragment including the putative wild-type p53BS, CTTCATGTCCGTGCATGCCT, was amplified using the same primers as in the ChIP assay and cloned into pGL3-promoter vectors (Promega, Madison, WI). Wild-type p53BS oligonucleotides corresponding to single copies of the p53CSV p53-binding sequence were annealed and ligated into SacI-and XhoI-digested pGL3-promoter vector. To construct p53BS (mt1 and mt2) vectors, a point mutation (''T'') was inserted into the site of the 7th nucleotide (''G'') or 14th nucleotide (''C'') of p53BS, respectively, using QuickChange site-directed mutagenesis kits (Stratagene). H1299 (p53-null) cells grown in six-well culture plates were cotransfected with one of the reporter constructs (1 Ag each), 100 ng of pRLcytomegalovirus internal control vector, and 200 ng of wild-type p53 or À/À cells at various time points after treatment with Adriamycin (ADR ) or after exposure to UV radiation (UV ). Levels of p21 WAF1 and h-actin mRNA served as a positive control and as a quantitative control, respectively. B, predicted amino acid sequence of p53CSV. C, p53-dependent induction of endogenous p53CSV protein in HCT116 p53 +/+ after exposure to DNA damage for 48 hours. The same amounts of total protein in each lane was immunoprecipitated and subjected to immunoblotting with anti-p53CSV antibody (top ). Induction of p53 was detected by monoclonal anti-p53 antibod Santa Cruz Biotechnology) using whole-cell lysates from DNA-damaged cells (middle ). h-actin served as a quantitative control (bottom ). mutant p53, using FuGene 6 Transfection Reagent (Roche). Quantification of luciferase activities and calculations of relative ratios were carried out manually with a luminometer.
Construction of psiU6BX3.0. Because the U6siRNA gene is transcribed by RNA polymerase III, producing short transcripts with uridines at the 3V end, we amplified the genomic fragment containing the promoter region of U6siRNA using primers 5V -GGGGATCAGCGTTTGAGTAA-3V and 5V -TAGGCCCCACCTCCTTCTAT-3V, with human placental DNA as a template. The product was purified and cloned into pCR2.1 plasmid vector using a TA cloning kit according to the supplier's protocol (Invitrogen, San Diego, CA). The BamHI, XhoI fragment containing U6siRNA was purified and cloned into pcDNA3.1 + between nucleotides 56 and 1,257; this fragment was amplified by PCR using primers 5V -TGCGGATCCAGAGCAGATTGTACTGA-GAGT-3V and 5V -CTCTATCTCGAGTGAGGCGGAAAGAACCA-3V and subsequently digested with BamHI and XhoI. The ligated DNA was used as the template for PCR with primers 5V-TTTAAGCTTGAAGACTATTTTTA-
C A T C A G G T T G T T T T T C T-3V a n d 5V -T T T A A G C T T G A A G A -CACGGTGTTTCGTCCTTTCCACA-3V. After the product was digested with
HindIII it self-ligated to produce psiU6BX3.0 vector plasmid. Two small interfering RNA (siRNA) expression vectors against p53CSV (psiU6BX-p53CSV, p53CSV-siRNA-U1, and p53CSV-siRNA-U4) were prepared by ligating the following annealed oligos into the BbsI site in the psiU6BX vector : for p53CSV-siRNA-U1: forward, 5V-CACCATTTCTCAA-GGGGGACAGCTTCAAGAGAGCTGTCCCCCTTGAGAAAT-3V , and reverse, 5V -AAAAATTTCTCAAGGGGGACAGCTCTCTTGAAGCTGTCCCC-CTTGAGAAAT-3V ; for p53CSV-siRNA-U4: forward, 5V-CACCAGGAGAAAGA-GATTCCTATTTCAAGAGAATAGGAATCTCTTTCTCCT-3V , and reverse, 5V -AAAAAGGAGAAAGAGATTCCTATTCTCTTGAAATAGGAATCTCTT-TCTCCT-3V . A control plasmid, psiU6BX-EGFP, was prepared by cloning double-stranded oligonucleotides of 5V-CACCGGTTCTGGAGAACAAC-TACTTCAAGAGAGTAGTTGTTCTCCAGAACC-3V and 5V -AAAAGGTTCTG-GAGAACAACTACTCTCTTGAAGTAGTTGTTCTCCAGAACC-3V into the BbsI site in the psiU6BX3.0 vector. +/+ cells transfected with p53CSV-siRNA-U4 display a low level of p53CSV expression when p53 is induced by Adriamycin or UV radiation; HCT116 p53 +/+ cells transfected with p53CSV-siRNA-U1 had no effect on the expression of p53CSV.
Construction of p53CSV-Expressing Plasmids and Selection of Stable Transformants. The entire coding sequence of p53CSV, with a hemagglutinin (HA) tag at the carboxyl-terminal end, was cloned into EcoRIand BamHI-digested pcDNA 3.1 vector (pcDNA3.1/C-HA-p53CSV, Invitrogen). DNA sequences of each construct were confirmed by sequencing. H1299 cells (1 Â 10 6 ) were plated in six-well culture plates 24 hours before transfection of 1 Ag of expression vector (pcDNA3.1 or pcDNA3.1/C-HAp53CSV) using FuGene 6 Transfection Reagent (Roche). Stable transformants were selected in the presence of G418 (Life Technologies, Inc.). Resistant clones (S13, S14, and S16) were expanded and examined for p53CSV expression by PCR or Western blotting using monoclonal anti-HA antibody (rat, Roche). Stable cells (2 Â 10 5 ) were plated in six-well culture plates 24 hours before treatment of DNA damage. Stable cells were treated with Adriamycin (1 Ag/mL) or UV radiation (30 J/m 2 ) for 24 hours, and detection of apoptosis was judged by the results of fluorescence-activated cell-sorting (FACS) analysis. Activation of caspase-9 was determined with 7) . Input chromatin represents a portion of the sonicated chromatin before immunoprecipitation (lanes 1 and 6). C, luciferase assay. Plasmid constructs containing 520-bp DNA fragment corresponding to exon 2 of the p53CSV gene including p53-binding site [p53BS (wt)] or the same 520-bp fragment containing mutated p53BS (mt1 or mt2) were cloned into a luciferase reporter vector containing SV40 minimal promoter. H1299 cells (p53-null) were cotransfected with the indicated reporter constructs, with pRL-cytomegalovirus as an internal control vector and with plasmids designed to express either wild-type (wt) or mutant (mt) p53 and the p53-binding site [p53BS (wt)], or the same 520-bp fragment containing mutated p53BS (mt1 or mt2). Cells were harvested 24 hours after transfection and lysed. Quantification of luciferase activities and calculations of relative ratios were carried out manually with a luminometer. Columns, mean values of the results of three experiments; bars,FSD.
Involvement of p53CSV in Cell-Survival Pathway www.aacrjournals.org cell extracts from the same DNA damaged-stable cells by Western blotting with monoclonal anti-caspase-9 antibody (mouse, MBL, Nagoya, Japan).
Immunofluorescent Staining. One of the clones that stably expressed p53CSV, S16, was replated on poly-D-lysine-coated multiwell chamber slides (Becton Dickinson, San Jose, CA). These cells were incubated in medium containing 70 mmol/L Mito Tracker Red CMXRos (diluted 1:10,000; Molecular Probes, Eugene, OR) for 30 minutes at 37jC, then fixed with 4% paraformaldehyde in PBS, rendered permeable with 0.1% Triton X-100 in PBS for 3 minutes, and covered with blocking solution (3% bovine serum albumin) for 60 minutes at room temperature. Subsequently, the cells were incubated for 1 hour with monoclonal anti-HA antibody, F-7 (diluted 1:500 in blocking solution; Santa Cruz Biochechnology) at room temperature followed by incubation with FITC-conjugated goat anti-mouse secondary antibody diluted 1:1,000, and viewed with an ECLIPSE E600 microscope (Nikon, Tokyo, Japan).
Detection of Apoptosis. Apoptosis was judged by the results of FACS analysis using propidium iodide or Annexin V-FITC apoptosis detection kits (BioVision, Mountain View, CA). For propidium iodide staining, adherent and detached cells were combined 24 hours after DNA damage and fixed overnight with 75% ethanol in PBS at 4jC. After two rinses with PBS, the cells were incubated for 30 minutes with 1 mL of PBS containing 1 mg of boiled RNase at 37jC and stained in 1 mL of PBS containing 50 Ag of propidium iodide and analyzed in a flow cytometer (FACScalibur, Becton Dickinson). For the Annexin V-FITC assay, (1 to 5) Â 10 5 cells were collected 24 hours after DNA damage, rinsed twice with PBS, and resuspended in 500 AL of binding buffer. After 5 AL of Annexin V-FITC were added, the cells were incubated at room temperature for 5 minutes in the dark. Annexin V-FITC binding was analyzed by flow cytometry using an FITC-signaling detector.
Semiquantitative RT-PCR Analysis. Total RNAs were isolated with TRIZOL reagent, and cDNAs were synthesized from 10 Ag of each RNA preparation using the SuperScriptll preamplification system (Life Technologies, Inc.). The RT-PCR exponential phase was determined on 15 to 30 cycles to allow semiquantitative comparisons among cDNAs developed from identical reactions. Each PCR regime involved a 2-minute initial denaturation step at 94jC followed by 30 cycles ( for p53AIP1; primer sequences were designed to amplify the transcript, i.e., nucleotides 137-550), 19 cycles ( for p21 WAF1 ), and 25 cycles ( for p53CSV ; forward primer TATCTTGCAGGAACTGTGTGCTA, reverse AATTTAGGTTCTTCCTCCACAGC), or 15 cycles ( for h 2 MG) at 94jC for 30 seconds, 55jC-57jC for 30 seconds, and 72jC for 1 minute. All reactions took place in a Gene Amp PCR system 9600 (Perkin-Elmer, Norwalk, CT). The PCR products were separated by electrophoresis on 2% agarose gels.
Immunoprecipitation and Western Blotting. H1299 cells were transfected with the pcDNA3.1/C-HA-p53CSV construct using Lipofectamine 2000 transfection reagent (Invitrogen). After 24 hours incubation at 37jC, cells were treated with/without Adriamycin (1 Ag/mL) or exposed with or without UV radiation (10 J/m 2 ) and harvested 24 hours after DNA damage. Wholecell extracts were prepared in lysis buffer (1% NP40, 50 mmol/L Tris-HCl (pH 8), 150 mmol/L NaCl, 1% Triton X-100, 1 mmol/L EDTA, and Roche complete protease inhibitor mixture) and immunoprecipitated with monoclonal anti-HA-agarose conjugate (Sigma). The resulting immune complexes were specifically eluted with HA peptides and subjected to SDS-PAGE/immunoblotting using murine monoclonal anti-Hsp70 antibody (mouse, Stressgen, Victoria, British Columbia, Canada), rat monoclonal anti-HA antibody (Roche), rabbit polyclonal anti-Apaf-1 antibody (Upstate), or rat monoclonal anti-Apaf-1 (Chemicon, Temecula, CA). The blots were hybridized with horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology) and signals were detected using the enhanced chemiluminescence method.
Detection of Caspase-9 Activation. Caspase-9 activation was measured in cell extracts prepared from p53-CSV stably expressing H1299 cells (pcDNA3.1/C-HA-p53CSV) or cells transfected with pcDNA3.1 control vector (Mock). Cells were treated with Adriamycin (1 Ag/mL) or UV radiation (30 J/m 2 ) for 24 hours and used for Western blot analysis with monoclonal anti-caspase-9 antibody, 5B4 (MBL). Caspase-9 activation was determined in cells that were treated with Adriamycin by FACS analysis using CaspGLOW fluorescein caspase-9 staining kit (BioVision).
Results
Induction of Endogenous p53CSV by DNA Damage. We have been applying cDNA microarray technology to screen human p53 target genes, using mRNA isolated from p53-mutant U373MG cells that were infected with adenovirus designed to express wild-type p53 (Ad-p53) or the lacZ gene (Ad-LacZ), as described previously (19) . From among the 9,216 genes screened, we selected one expressed-sequence tag (hypothetical protein HSPC132; Unigene accession no. 69499) for further analysis because it was significantly up-regulated (data not shown) and designated later the corresponding gene p53CSV based on its biological nature described below.
To confirm the results of the microarray analysis, we analyzed Northern blots using mRNA extracted from HCT116 cells with wild-type p53 (HCT116 p53 +/+ ) and from a derivative HCT116 line lacking p53 (HCT116 p53 À/À ) after both lines had been treated with 1 Ag/mL of Adriamycin or exposure to 10 J/m 2 of UV radiation. Poly(A) + RNAs were prepared from the cells at 0, 6, 12, 24, and 48 hours after either of the genotoxic exposures. Northern blots probed with a 509-bp cDNA fragment of the EST revealed a transcript of about 1.2 kb, which was strongly induced in the HCT116 p53 +/+ cells under either form of genotoxic stress although no induction was observed in HCT116 p53 À/À cells (Fig. 1A) . The results implied that p53CSV was induced in a p53-dependent manner in response to DNA damage. .1/C-HA-p53CSV construct designed to express HA-tagged p53CSV, and selected for stable clones (S13, S14, and S16). Immunofluorescent staining (A, green, HA-tagged p53CSV) and Western analysis (B) of p53CSV protein expression examined using anti-HA monoclonal antibody. C, apoptosis among cells stably expressing p53CSV after treatment with 1 Ag/mL Adriamycin. In contrast to pcDNA3.1-control cells (Mock ), proportions of apoptotic cells are markedly reduced in all of the stable cells treated with Adriamycin. Black, control cells without Adriamycin; green, control cells treated with Adriamycin; yellow, stable clones without Adriamycin treatment; red, stable clones treated with Adriamycin. D, graphic representation of the results in C. E, apoptosis of stable clones after UV radiation (UV , 30 J/m 2 ). Proportions of apoptotic cells are indicated as percentages of the Annexin V-FITC-positive cell fraction in FACS analysis. Means F SD of three independent experiments. P < 0.03 (D and E) compared with Mock (D, ADR ; E, UV ), Student-Newman-Keuls t test. F, subcellular localization of p53CSV protein in a p53CSV-stable clone, S16, where HA-tagged p53CSV was stained with monoclonal anti-HA antibody (F-7, green ) and Mito Tracker Red CMXRos (red).
To isolate a full-length cDNA of the p53CSV gene we constructed cDNA library using poly(A) + RNA from the HCT116 p53 +/+ cells treated with Adriamycin. We obtained 30 positive clones by screening this library and determined their DNA sequences. The major transcript consisted of 1,174 nucleotides encoding a 76-amino-acid peptide (Fig. 1B) . By comparing the cDNA sequence with genomic sequences we determined that the gene spans a 2.4-kb genomic region and consists of two exons.
We generated a polyclonal anti-p53CSV antibody in rabbits to investigate expression of endogenous p53CSV in response to various genotoxins. HCT116 p53 +/+ and HCT116 p53 À/À cells were treated with either Adriamycin or UV exposure, and cell lysates were isolated 48 hours later. Immunoprecipitation and SDS-PAGE/ immunoblotting with anti-p53CSV antibody confirmed that p53CSV was strikingly induced in HCT116 p53 +/+ cells by DNA damage, as was p53 protein, but the proteins were not increased in HCT116 p53 À/À cells after either type of damage (Fig. 1C ). p53CSV as a Direct Target of p53. To understand the molecular basis for regulation of p53CSV by p53, we searched for possible p53-binding sites (p53BS) within its genomic sequence and found a potential p53BS of 20 nucleotides in exon 2 of the p53CSV gene ( Fig.  2A) . We examined p53 protein for interaction with this p53BS by ChIP assays, using cell lysates prepared from HCT116 p53 +/+ cells or HCT116 p53
À/À cells treated with 1 Ag/mL of Adriamycin. An antip53 antibody precipitated a genomic fragment of p53CSV, which included the potential p53BS in exon 2, as a p53 protein-DNA complex from lysates of HCT116 p53 +/+ cells, implying that endogenous p53 had interacted with the candidate p53BS. On the other hand, this DNA segment was not precipitated from HCT116 p53 À/À lysates (Fig. 2B) . To confirm interaction, we examined the p53BS for p53-dependent transcriptional activity using a heterologous reporter assay. The reporter vector was constructed by cloning the 520-bp DNA fragment containing the p53BS (wt), or the same 520-bp fragment containing 1-nucleotide substitutions (p53BS mt1 or p53BS mt2), upstream of the minimal SV40 promoter in the pGL3 vector (Luc-p53BS-pro). Transfection of the Luc-p53BS (wt)-pro, Luc-p53BS (mt1 or mt2)-pro, or the Luc-p53BS-pro alone into H1299 cells (lung cancer line, p53-null) revealed no enhancement of luciferase activity. However, we observed a >20-fold increase in relative luciferase activity when we cotransfected the Luc-p53BS (wt)-pro with the plasmid expressing wild-type p53. Plasmids containing Luc-p53BS (mt1 or mt2)-pro did not show any increase in the wild-type p53-dependent transcriptional activity, further supporting the idea that the p53BS in exon 2 of the p53CSV gene is a functional p53-binding sequence (Fig. 2C) .
Requirement of p53CSV for p53-Mediated Cell Survival. To investigate the biological function of p53CSV in the p53-dependent cell response, we applied RNA-interference technology to suppress expression of p53CSV. Using psiU6BX3, an expression vector for siRNA, we constructed a p53CSV-siRNA vector and introduced it into HCT116 p53 +/+ cells. When p53 was induced in the HCT116 p53 than in cells transfected with a control plasmid (corresponding to the DNA sequence of EGFP) or with p53CSV-siRNA-U1 (a negative control of p53CSV-siRNA construct; Fig. 3A) . Furthermore, in contrast to the HCT116 p53 +/+ -EGFP control cells and HCT116 p53 +/+ -p53CSV siRNA-U1 cells in which expression of p53CSV was not suppressed, HCT116 p53 +/+ -p53CSV siRNA-U4 cells were highly susceptible to cell death caused by Adriamycin (Fig. 3B and C) or UV radiation (Fig. 3D) .
To examine the molecular mechanism by which p53CSV participates in the cell-survival process, we constructed a plasmid, pcDNA3.1/C-HA-p53CSV, designed to express p53CSV with an HA tag at its carboxyl-terminal end. We transfected this plasmid DNA into H1299 (p53-null) cells, and selected three clones that stably expressed the gene (H1299/p53CSV S13, S14, and S16). The stable transfectants were checked for p53CSV expression by immunocytochemistry (Fig. 4A ) and Western blotting with monoclonal anti-HA antibody (Fig. 4B) . S13, S14, and S16, all showing high levels of ectopic p53CSV expression, were highly resistant to cell death by Adriamycin treatment (Fig. 4C and D) or UV radiation (Fig. 4E) . In contrast, the proportions of apoptotic cells of pcDNA3.1 control cultures (Mock) were markedly reduced in all of the stable clones treated with Adriamycin or UV radiation. These results supported the view that p53CSV functions as a cell-survival mediator in the cellular response to DNA damage.
Immunohistochemical analysis of stable transfectants S16 (Fig. 4F) , S13, and S14 (data not shown) indicated that p53CSV was strongly stained in the perinuclear region and appeared as a dotted pattern in cytoplasm. When we counterstained the cells using a Mito Tracker (red), the green signal of p53CSV coincided exactly with the red signals of mitochondria.
Correlation of p53CSV Induction with p53-Mediated Cell Survival. We then investigated dose-dependent effects of Figure 6 . Intracellular association of p53CSV and Hsp70/ Apaf-1. A, coimmunoprecipitation assay using monoclonal anti-HA-conjugated agarose (anti-HA, left) or monoclonal anti-Hsp70 antibody (anti-Hsp70, right ) on H1299 cells overexpressing p53CSV or Mock. Bottom, the same amount of total endogenous Hsp70 protein was expressed in either population of H1299 cells. B, coimmunoprecipitation of p53CSV with three other apoptotic or antiapoptotic molecules. Although the same amounts of Apaf-1, Hsp70, and cytochrome c were produced in H1299 cells that overexpressed p53CSV or not (lanes 1 -6, left ) , Apaf-1 and Hsp70 were precipitated with monoclonal anti-HA-conjugated agarose only from H1299 cells overexpressing p53CSV (lanes 4-6, right ) 48 hours after DNA damage. C, coimmunoprecipitation of endogenous p53CSV and Hsp70/Apaf-1 after DNA damage. Interaction between endogenous Hsp70 and endogenous p53CSV was examined by immunoprecipitation experiments. HCT116 p53 À/À and HCT116 p53 +/+ cells were treated with 1 Ag/mL Adriamycin or exposed to 10 J/m 2 UV radiation for 48 hours to induce p53CSV expression, and cell lysates were prepared for immunoprecipitation using anti-p53CSV antibody before Western blotting with antibody against Hsp70 or Apaf-1 or p53CSV. Coimmunoprecipitation of endogenous p53CSV and Hsp70/ Apaf-1 was clearly observed in DNA-damaged HCT116 p53 +/+ cells (lanes 5-6 in each case), but not HCT116 p53 À/À cells (lanes 2 -3 in each case ). D, interaction between p53CSV and Hsp70/Apaf-1 was also confirmed by reverse immunoprecipitation experiments with monoclonal anti-Hsp70 antibody. p53CSV (lanes 5-6, top ) and Apaf-1 (lanes 5-6, middle ) precipitated with monoclonal anti-Hsp70 antibody (bottom ) in cell extracts isolated from DNA-damaged HCT116 p53 +/+ cells but not HCT116 p53 À/À cells (lanes 2-3 in each case).
Adriamycin on the induction of p53CSV and other p53 target genes. Induction of p53CSV mRNA was detected at the high level in cells treated with 1 Ag/mL or less; this result was strikingly similar to that for p21 WAF1 but not for p53AIP1, whose product is involved in apoptosis (ref. 10; Fig. 5A ). At a higher dose (2 Ag/ mL) of Adriamycin, expression of p53CSV mRNA decreased and the percentage of apoptotic cells increased (Fig. 5B ). We subsequently examined whether different modification of p53 by phosphorylation could affect induction of p53CSV. HCT116 p53 À/À and HCT116 p53 +/+ cells were damaged with Adriamycin at a dose ranging from 0.5 to 2 Ag/mL. Western blot analysis indicated that a high dose of Adriamycin could phosphorylate p53-Ser 46 , whereas phosphorylation at p53-Ser 15 was detected even at low doses of Adriamycin. FACS analysis showed that apoptosis could be induced only at a high dose of Adriamycin. As shown in Fig. 5C , levels of p53CSV protein in HCT116 p53 +/+ lysates examined by Western blotting were concordant with mRNA levels. Hence, induction of p53CSV seemed to be associated with phosphorylation of p53-Ser 15 but not that of p53-Ser 46 . These data suggested expression of p53CSV is induced when DNA damage is low and reparable and is strictly controlled by p53 protein with the specific modification(s). Similarly, expression of endogenous p53CSV was detected after exposure to 10 to 30 J/m 2 of UV radiation (Fig. 5D ), but levels of its expression after that at doses higher than 30 J/m 2 , by which phosphorylation of p53 at Ser 46 was induced, were significantly lower or absent. Taken together, these results suggested that expression of p53CSV is correlated with the cell-survival function (cell-cycle arrest and/or repair of damaged DNA) of p53, but is different from the induction pattern of p53AIP1 that plays an important role in mediating p53-dependent apoptosis.
p53CSV Interaction with Hsp70/Apaf-1. To examine how p53CSV functions in cell survival, we searched for interacting proteins by immunoprecipitation pull-down and peptide mass fingerprint analyses (Shimadzu Biotech Corporation, Nagano, Japan) and identified a heat shock protein with a relative molecular mass of 70,000 (Hsp70). To confirm interaction between these two molecules, a coimmunoprecipitation assay was done to explore whether p53CSV was associated with endogenous Hsp70 in lysates of H1299 (p53-null) cells transfected with HA-p53CSV, a vector designed to express p53CSV containing an HA tag at the carboxylterminal end. Immune complexes were recovered by immunoprecipitation using monoclonal anti-HA conjugated agarose and subjected to SDS-PAGE and immunoblotting using monoclonal anti-Hsp70 antibody or monoclonal anti-HA antibody (Fig. 6A) . Hsp70 was recovered in association with the anti-HA immune complexes prepared from the HA-p53CSV-expressing H1299 cells but not from the control H1299-mock (pcDNA3.1 vector as a negative control) cells. Similar results were obtained from immunoprecipitation experiments using monoclonal anti-Hsp70 antibody coupled with SDS-PAGE/immunoblotting using monoclonal anti-HA antibody. HA-p53CSV was recovered in association with the anti-Hsp70 immune complexes prepared from the HAp53CSV-expressing H1299 cells but not from the control H1299-mock cells.
Two groups (12, 13) have shown that Hsp70 inhibits apoptosis through direct binding to Apaf-1, thereby precluding the eventual recruitment of procaspase-9 to the apoptosome. We investigated whether p53CSV was associated with Apaf-1 and cytochrome c, using a coimmunoprecipitation assay. Apaf-1 was recovered in association with the anti-HA immune complexes prepared from the HA-p53CSV-expressing H1299 cells, whereas cytochrome c was not (Fig. 6B) .
To investigate interaction between Hsp70/Apaf-1 complex and the product of endogenous p53CSV induced by DNA damage, we did coimmunoprecipitation experiments using anti-p53CSV antibody in cell lysates extracted from HCT116 p53 +/+ or HCT116 p53 À/À cells that had been treated with Adriamycin or exposed to UV radiation. As shown in Fig. 6C , Hsp70 and Apaf-1 proteins were clearly co-immunoprecipitated in lysates isolated from HCT116 p53 +/+ cells after damage. However, Hsp70 and Apaf-1 was not immunoprecipitated using lysates of HCT116 p53 À/À cells.
Moreover, both p53CSV and Apaf-1 were precipitated by monoclonal anti-Hsp70 antibody in lysates isolated from damaged HCT116 p53 +/+ cells (Fig. 6D) . These results indicate that p53CSV can bind Hsp70 and/or Apaf-1. The physical interaction between p53CSV and Hsp70 and/or Apaf-1 has been revealed in overexpression of p53CSV. A functional interaction between endogenous p53CSV and Hsp70 and/or Apaf-1 occurred by DNA damage in HCT116 p53
p53CSV Inhibits Activation of Caspase-9. We then examined whether p53CSV affected caspase-9 activation using Western blot analysis with monoclonal anti-caspase-9 antibody. As shown in Fig.  7A , cleaved (activated) caspase-9 in pcDNA3.1 control cells (Mock) was induced by Adriamycin or UV radiation, whereas Figure 7 . Inhibition of DNA-damaged activation of caspase-9 by p53CSV. A, caspase-9 activation was determined with cell extracts from stable cells treated with Adriamycin (1 Ag/mL; ADR, lanes 2, 5, and 8 ) or UV radiation (30 J/m 2 ; UV, lanes 3, 6, and 9) for 24 hours using Western blot analysis with monoclonal anti-caspase-9 antibody. B, H1299 cells were transfected with pcDNA3.1/C-HA-p53CSV or pcDNA3.1 control vector (Mock ); 24 hours after transfection, cells were treated with Adriamycin (1 Ag/mL; ADR, lanes 1, 4) for 24 hours, and then cell lysates were prepared for Western blotting with antibody against caspase-9. C, caspase-9 activation was determined in p53CSV stably expressing cells that were treated with Adriamycin for 24 hours by means of FACS analysis with FITC label that allows detection of activated caspase-9 directly (BioVision). Proportions of caspase-9-activated cells were indicated as percentages of the shifting fraction to the negative control, ADR (À), in FACS analysis.
induction of cleaved caspase-9 was significantly suppressed in UV-radiated or Adriamycin-treated S13 and S16 stable cells. Moreover, we transfected a HA-tagged p53CSV expression construct, HA-p53CSV, into H1299 cells, and determined whether HA-p53CSV overexpression had an effect on DNA damagemediated activation of caspase-9. As shown in Fig. 7B , HAp53CSV overexpression resulted in inhibition of DNA damagemediated activation of caspase-9, compared with the cells transfected with pcDNA3.1 control vector (Mock). FACS analysis of p53CSV-expressing cells at 24 hours after treatment of Adriamycin clearly indicated inhibition of caspase-9 activation by p53CSV, comparing cells transfected with mock vector (Fig.  7C) . These results strongly imply that p53CSV inhibits activation of procaspase-9, which in turn prevents the induction of apoptosis during by DNA damage.
Discussion
The p53 gene product has two major biological functions against DNA damage: to cause cell-cycle arrest and repair damaged DNA for cell survival or to cause apoptosis for cell death. We have shown here that p53CSV, a novel direct transcriptional target for p53, functions as a cell-survival mediator in the cellular response to DNA damage.
Modifications of p53 by phosphorylation or acetylation play important roles in regulating biological activities of p53 (20) . Moreover, it has been shown that phosphorylation of p53 at Ser 46 induced apoptosis. Our data suggest that modification of p53 leading to expression of p53CSV in the cell-survival pathway after DNA damage is likely to be different from that leading to expression of apoptosis-related genes ( Fig. 5C and D) . If DNA damage is severe and unreparable, expression of p53CSV is not induced.
Our results using cells stably expressing a high level of p53CSV or siRNA for p53CSV implied that p53CSV is possibly required for cell-survival pathway through activation of p53. Bcl-2 interacts with Bax and blocks Bax-induced apoptosis (21, 22) . We therefore immunoprecipitated with monoclonal anti-HA antibody in cell lysates extracted from stable cells of p53CSV (S13, S14, and S16) that had been treated with Adriamycin or exposed to UV radiation, and then did immunoblotting with anti-Bcl-2 antibody, anti-Bax antibody, or anti-Bcl-x L antibody. However, no interaction of p53CSV with any of these three proteins was detectable (data not shown). Thus, the function of p53CSV as a cell-survival mediator in the cellular response to DNA damage is not correlated with the Bcl-2 family.
To further study the function of p53CSV as a cell-survival mediator, we identified Hsp70 protein as interaction protein with p53CSV. Furthermore, our data indicate that the involvement of p53CSV in the antiapoptotic pathway might be explained by interaction of this protein with Apaf-1 through binding to Hsp70. Disruption of the outer mitochondrial membrane by apoptotic stimuli results in the release of cytochrome c, which can bind to cytosolic Apaf-1 (23) . Subsequent activation of caspase-9 by association with cytochrome c and Apaf-1 can amplify the caspase cascade and enhance its ability to process its own proenzyme as well as the effector caspase-3 (24, 25) . Association of procaspase-9 with Apaf-1 is an essential step in the initial activation of this cascade (26) . The ability of Hsp70 to block formation of the Apaf-1/procaspase-9 complex may promote survival and transformation during oncogenesis. In fact, increased expression of Hsp70 is observed in a variety of tumor types and is linked to increased oncogenic potential in vivo (27) . Taken together with these reports, our experiments indicate that p53CSV may associate with Hsp70/Apaf-1 and inhibit activation of procaspase-9 and procaspase-3.
A large number of oncogenes, tumor suppressor genes, and signal transduction pathways in angiogenesis/tumorigenesis have been described (28) . Among them, recent studies have provided evidences that p53 activate mitogen-activated protein kinase and AKT survival signaling through its targets including DDR1 and Cox-2, although the mechanism of their activation remains to be clarified (29, 30) . Here, our study has revealed an interesting connection between p53CSV, a novel p53 target gene that encodes a cell-survival factor, and apoptotic or antiapoptotic machinery involving Apaf-1 and/or Hsp70.
